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Genetic Diversity in M. avium Bacteremia 1385 tum were processed using conventional microbiologic procedures [9] . All specimens were cultured onto 7H 10 agar plates. For each specimen growing mycobacteria, 3 individual colonies were picked, subcultured, saved, and analyzed as independent isolates. Microbiologic and serologic analysis. Each mycobacterial isolate was characterized using species-specific DNA probes (Gen-Probe, San Diego). Isolates were serotyped by J. Crawford (Mycobacteriology Laboratory, Centers for Disease Control and Prevention [CDC], Atlanta) [10] .
DNA preparation. Chromosomal DNA was prepared in agar plugs using a variation of previously reported procedures [8, 11 ] with specific modifications to optimize the isolation of DNA from mycobacteria. Isolates were grown in 7H9 broth supplemented with 0.5 M sucrose, 0.05% Tween 80, 0.2% dextrose, and 10% oleic acid-albumin. Bacteria were incubated to A600 Of 0.2 at 370C on a rotator; then ampicillin (0.1 mg/mL, final concentration), D-cycloserine (1.0 mg/mL), and D-threonine (1.0 mg/mL) were added to the cultures, and incubation continued for another 12 h. After centrifugation at 4'C, cells were resuspended in 50 mM TRIS and 0.5 M sucrose, pH 7.6, at '/so of the culture volume. The cell suspension was frozen in dry ice-ethanol and then thawed. Subsequently the cells were mixed with an equal volume of 1.3% InCert agarose (FMC BioProducts, Rockford, ME) in TES buffer (50 mM TRIS, 250 mM EDTA, 200mM NaCl, pH 7.6) and aliquoted into plug molds. Subsequent treatments with lysozyme and proteinase K were done as described [8, 11] . Southern blot analysis (ribotyping). To prepare DNA in solution, agarose plugs were washed in TE buffer (10 mM TRIS, 0. 1 mM EDTA, pH 7.6), transferred to a dry microfuge tube, melted by incubation for 10 min at 60-650C, equilibrated at 40oC, and treated with 0.5 units of 3-agarase (New England Biolabs, Beverly, MA) at 400C for 1 h, followed by incubation at 60'C for 1 h to inactivate the enzyme. The DNA in solution was then digested with PvuII (New England Biolabs) according to the manufacturer's recommendations. The digests were electrophoresed in 0.8% agarose horizontal gels under constant field conditions and transferred to Duralon-UV membranes (Stratagene, La Jolla, CA). Southern blots were probed with the cloned rrnB operon from Escherichia coli prepared and labeled as previously described [ tion between serotype and ribotype. Serovar 4 was detected in isolates with all three ribotype patterns; serovar 8 was found in isolates with ribotypes A and B. For PFGE analysis, mycobacterial DNA was digested with AseI; each isolate yielded -20 restriction fragments of 10-700 kb (figure 2). Each of the 14 isolates examined had a distinctly different restriction fragment profile, indicating that every patient was infected with a unique strain. The 2 most similar isolates (figure 2, patients 1064 and 5002) had -11 of 20 fragments of the same apparent size; these isolates were epidemiologically unrelated, having been obtained from patients at different study sites. There were no conserved restriction fragments present among the 14 isolates.
To confirm that the PFGE patterns were stable during in vitro handling of the isolates, subcultures were prepared 4-12 weeks apart from the primary stock cultures, and these subcultures were used to make two independent DNA preparations. This was done for stock cultures representing 8 individual colonies; in each instance, the replicate DNA preparations gave identical PFGE profiles.
To evaluate the diversity of infection within individual patients, additional PFGE analyses were done. First, we analyzed the diversity among separate colonies cultured from individual specimens. For each of the 13 bacteremic patients, all 3 colonies saved independently from the blood figure  3: colony 2 vs. colonies 1 and 3) . Given the extensive diversity among isolates from different patients, such minor variations were considered consistent with variation within a given strain. There was no apparent correlation between these changes and variations in the in vitro morphology of different colonies from the same patient, including pigmentation and transparent or opaque appearance (data not shown). Thus, for each of 11 patients, the 3 blood colonies were interpreted to represent a single strain.
In contrast, for each of 2 bacteremic patients, 1 of the blood colonies had a completely different PFGE profile from the other 2 colonies ( figure 4, colony 2 vs. colonies 1 and 3) . These profiles differed as much as independent isolates from different subjects and indicated that these 2 patients were each bacteremic with 2 distinct strains of M. avium. For 6 patients, all 3 colonies saved from stool were examined. In 5 of the stool specimens, a single strain was identified for each patient; 1 patient had 2 different strains in the stool. For 2 patients, all 3 respiratory colonies were analyzed; within these specimens, there was 1 strain per patient. Overall, PFGE analysis of 69 M. avium colonies obtained from 28 specimens of 14 patients identified 17 distinct strains.
In subsequent PFGE studies, colonies isolated from different specimens obtained from the same patient were compared. As noted above, 10 patients had M. avium cultured from both blood and at least one other site. Within each patient, the same strain was present at each site. That is, at least 1 of the 3 colonies isolated from the blood culture represented the same strain that was found among the colonies recovered from stool and sputum specimens (figure 3, all blood, fecal, and sputum colonies represent the same strain; figure 4, blood colony 2 and all fecal colonies represent the same strain). Thus, for all 10 patients, we explicitly documented clonally disseminated M. avium infection, with each patient having a strain involving multiple sites.
Serotyping studies were also done on multiple colonies from the same patient. Serotyping has been one of the most widely applied techniques for distinguishing among bacterial isolates of particular species. Among MAC strains, 28 serotypes have been identified [6] . With the development of species-specific DNA probes, 10 of these serotypes have been identified as representing M. avium [ 16] . MAC infections in patients with AIDS are almost exclusively due to M. avium and typically represent only a subset of the known serotypes [5, 17] ; in addition, some isolates are nontypeable. Serotyping has provided insights into the pathogenesis of M. avium infection and into broad epidemiologic trends, but it has insufficient discriminatory power to unambiguously resolve detailed epidemiologic studies. Serotyping of our strains indicated a predominance of serotypes 4 and 8, as is frequently observed among isolates from HIV-infected patients. Further, in this study, examination of multiple colonies of the same strain revealed appreciable phenotypic variation in agglutination reactions; however, more comprehensive chemical identification of the serodominant sugars as described by Tsang et al. [6] was not done.
The difficulties in discriminating among strains by phenotypic assays has stimulated interest in DNA-based typing systems. Plasmid analyses have proven useful in short-term epidemiologic studies but may be confounded by the inherent variability ofplasmids as extrachromosomal elements and by their relatively frequent selective acquisition or loss due to environmental factors. Meissner and Falkinham [18] reported that MAC isolates obtained from HIV-infected patients appear more likely than environmental strains to carry plasmids, but, to date, plasmid analyses have not been used in clinical epidemiologic studies.
Hampson et al. [7] characterized MAC isolates by analyzing Southern blots of chromosomal DNA digested with PvuII [7] . Isolates from AIDS patients had highly similar RFLP patterns, which differed from those detected in isolates from non-AIDS patients. These results suggested that the isolates infecting patients with AIDS represented a restricted subset, possibly a single genetic lineage or clone, of MAC. This study was limited in that the probe used represented a randomly cloned and incompletely characterized DNA fragment obtained from a strain of Mycobacterium paratuberculosis and was hybridized with the MAC isolates at relatively low stringency. In the current study, we examined 14 M. avium isolates for RFLPs associated with the ribosomal operons [19] . While ribotyping has proven useful for studying clinical isolates of E. coli and other species, this approach was not effective at differentiating among the M. avium isolates.
Only three ribotypes were resolved among the isolates studied, and over half of the isolates had the same pattern. Similar results were obtained in preliminary studies using different restriction enzymes (data not shown). The limited discriminatory power of ribotyping for resolving mycobacterial strains may reflect the fact that the genus has only a single ribosomal operon [13] compared with six or more operons among Enterobacteriaceae.
PFGE is derived from conventional, constant-field electrophoresis but can resolve molecules orders of magnitude larger [20] . By using restriction endonucleases that cut chromosomal DNA infrequently, the bacterial genome can be digested into a limited number of relatively large restriction fragments that can be resolved by PFGE as discrete bands, thus providing a restriction profile representing the entire chromosome in a single gel. In molecular epidemiologic studies of other bacterial species, PFGE analyses have proven highly discriminatory and able to resolve isolates that were indistinguishable by serotype, antimicrobial susceptibility, and ribotype [8, 21, 22] . PFGE has been used to define species and subspecies relationships among mycobacteria, including MAC [23, 24] , and recently to analyze isolates of Mycobacterium fortuitum and Mycobacterium tuberculosis [25, 26] .
The results presented here demonstrate that PFGE is a highly effective technique for differentiating among strains of MAC. All isolates were typeable, that is, suitable DNA could be obtained and digested and the restriction profiles resolved. The results obtained were highly reproducible, with respect to both in vitro and in vivo variability. Finally, the PFGE-based analysis of MAC isolates proved to have exceptional discriminatory power and enabled us to resolve that every patient had at least 1 unique strain and that 2 of the 13 bacteremic patients had 2 distinct strains among isolates cultured simultaneously from blood.
Previous analyses based on serotyping have described HIV-infected patients from whom MAC isolates of different serovars were cultured concurrently from different sites [ 
